The metabolism of carbohydrates is largely determined by their chemical properties. Glucose may have been selected, over the other aldohexoses, because of its low propensity for glycation of proteins. That carbohydrate is stored in polymeric form (glycogen) is dictated by osmotic pressure considerations. That stored fat is about eight times more calorically dense than glycogen, when attendant water is factored in, accounts for the predominance of fat as a storage form of calories and, also, for the fact that ingested carbohydrate is oxidized promptly (that is, fuel of the fed state) rather than being extensively stored. That stored glycogen is accompanied by so much water accounts for the fact that the brain only has very small glycogen stores. Carbohydrate has two important advantages, over fat, as a metabolic fuel; it is the only fuel that can produce ATP in the absence of oxygen, and more ATP is produced per O 2 consumed when glucose is oxidized, compared with when fat is oxidized. These advantages probably determine the preference of many cell types for carbohydrate. In addition to its use as a metabolic fuel, glucose plays other important roles such as provision of NADPH via the pentose phosphate pathway, and as a source material for the synthesis of other key carbohydrates, for example, ribose and deoxyribose for nucleic acid synthesis and substrates for the synthesis of glycoproteins, glycolipids and glycosaminoglycans. It can also play a key role in anaplerosis. Although it is widely acknowledged that gluconeogenesis plays a crucial role in starvation it is now apparent that prandial gluconeogenesis occurs, both in the metabolic disposal of dietary amino acids and in the synthesis of glycogen by the indirect pathway. Although there is, strictly speaking, no dietary requirement for carbohydrate it is evident that glucose is a universal fuel for probably all cells in the body and carbohydrate is the cheapest source of calories and the major source of dietary ®bre. These observations, together with the fact that glucose is the preferred metabolic fuel for the brain, permit us to recommend appreciable quantities of carbohydrate in all prudent diets.
Why carbohydrate?
Since fat has a much higher caloric density than carbohydrate it is worth considering, at the outset, why we have a carbohydrate metabolism. Without question, this is due to the fact that carbohydrate is the primary product of photosynthesis and, since heterotrophic animals obtain their energy from autotrophic organisms, it was inevitable that they evolved a metabolism that extracted useful energy from the most abundantly available carbon source Ð carbohydrate. Why did glucose, of all the sugars, become the primary carbohydrate for energy metabolism? Precise answers to such a question are not readily available but it must be pointed out that glucose has the lowest proportion of straight-chain (non-ring) structure of all the aldohexoses. This minimizes non-enzymatic protein glycation and, indeed, Bunn & Higgins (1981) have suggested that evolution may have favoured glucose on this basis. Similarly it must be pointed out that the principal plant storage sugars are structured so as to minimize the exposure of proteins to free aldehyde or ketone groups, that is, to minimize glycation. In this connection we note that sucrose has no free anomeric carbon (carbon 1 of glucose being linked to carbon 2 of fructose) and amylose and amylopectin, in starch, and glycogen, in animals, have no free anomeric carbons because of a-1-4 linkages. It is as if nature abhorred a free aldehyde group.
Carbohydrate oxidation dominates in the fed state and fat oxidation in starvation. The primacy of carbohydrate over fat oxidation, when the organism is given a mixed meal containing both, is probably due to our limited ability to store carbohydrate. When the relative caloric densities of carbohydrate and fat (4 kcalag and 9 kcalag, respectively) are considered together with the amount of water that accompanies glycogen deposition, then fat has approximately an eight-fold advantage over carbohydrate in terms of kcals stored per unit of extra weight. Therefore it is logical, even necessary, that carbohydrate oxidation should take precedence over fat oxidation after a mixed meal. That our carbohydrate store is a polymer is also mandated by simple chemical considerations. A healthy, well-nourished 70 kg man stores about 70 g of glycogen in a 1.5 kg liver (Saudek & Felig, 1976) , as glycogen granules, in the cytosol. The total cytosolic volume of this liver is about 1 l. It is, therefore, instructive to consider the osmotic pressure that would be exerted if this carbohydrate was stored as glucose monomers. 0.43 Mol of glucose in 1 l would exert an osmotic pressure of 430 mOsM, clearly an impossibility in an organism that maintains the osmolarity of body¯uids at about 300 mOsM and whose cytosols are ®lled with other osmotically active chemical species. These simple chemical considerations mandate the storage of signi®cant quantities of carbohydrate in the form of a polymer which exerts very low osmotic pressure.
We do have a carbohydrate store (about 70 g glycogen in fed liver and about 200 g in muscle) (Saudek & Felig, 1976) and such a store must re¯ect unique metabolic properties of carbohydrates. It is often stated that carbohydrate provides a rapidly mobilizable energy source. This is certainly true: the branching of glycogen together with the fact that multiple glycogen phosphorylase molecules can be simultaneously active on the different branches allows rapid glycogenolysis to provide fuel for rapid use within tissues (muscle) or to provide blood glucose (liver). Clearly the water-solubility of glucose is a useful attribute in terms of rapidly taking glucose to tissues that require it.
Carbohydrate, when compared to fat, has two important advantages as a metabolic fuel. Firstly it is the only fuel from which we can produce ATP in the absence of oxygen. Although the ATP yield is very low (2 ATP per molecule of glucose) this is the only source of ATP for tissues such as red blood cells which have lost their mitochondria. Glucose is a crucial substrate for cells of the inner renal medulla which face very low O 2 tensions. Another feature of anaerobic glycolysis is that it is colourless, that is, the enzymes and substrates for anaerobic glycolysis do not absorb light in the visible region, whereas oxidative metabolism, with its requirement for heme compounds, hemoglobin and cytochromes, does. It is hardly surprising, therefore, that anaerobic glycolysis provides ATP for cells in the eye lens. The second advantage of glucose over fat, is in the ATP yield per O 2 molecule when glucose is totally oxidized. When glucose is completely oxidized to CO 2 , 6O 2 are consumed and a net of 38 ATP produced. Therefore the ratio of ATPaO is 3.1. By comparison, less ATPaO is produced when a fatty acid is completely oxidized. For example, the oxidation of one molecule of palmitic acid requires the consumption of 23O 2 with the production of a net of 129 ATP. The ratio of ATPaO is 2.8. These calculations are based on the assumption that the ATPaO ratio for NADH is 3 and for FADH 2 is 2, and that there is no physiological uncoupling of oxidative phosphorylation, that is, no proton leak, and that cytoplasmic NADH is oxidized via the glutamateaaspartate shuttle. It is now very evident that there is a proton leak and that the effective ATPaO ratios are lower. However, this does not change the general argument that glucose supplies more ATP, per mole of O 2 , than fat. A recent estimate, taking into account rates of proton leakage, etc., suggests that the ATPaO with glucose as a substrate is 2.58 compared with 2.26 with palmitate as substrate, an advantage for glucose of about 14% (Rolfe & Brown, 1997) . Therefore there is a real advantage to the oxidation of glucose, compared with fatty acids, when O 2 supply may be a limitation, a phenomenon which may account for the improved performance of athletes who use carbohydrate loading.
It is important to recognise that glucose metabolism is involved in functions other than the production of ATP. We will consider a few of the more prominent of these functions. Glucose metabolism through the pentose phosphate pathway reduces NADP to NADPH and, therefore provides reducing power for a variety of cytoplasmic reactions. Reductive biosyntheses, such as those of fatty acids and of cholesterol, are major consumers of NADPH. NADPH, through the enzyme glutathione reductase, maintains cellular glutathione very largely reduced and this, in turn, is responsible for maintaining the redox state of protein thiols and for a variety of detoxi®cation reactions. NADPH is required for xenobiotic metabolism through the cytochrome P450 system as well as for nitric oxide synthesis. It is important to recognise, however, that the pentose phosphate pathway is not the only means of providing NADPH. The malic enzyme may produce NADPH and both systems can combine, as in lipogenesis. However, there are situations where the pentose phosphate pathway is the only means of reducing NADP and when this fails, as in glucose-6-phosphate de®ciency, one sees hemolysis when the organism is exposed to an oxidative stress (Beutler, 1983) . The pentose phosphate pathway also provides pentoses for nucleic acid and nucleotide synthesis. Other important functions of glucose and its derivatives include glucuronidation which is involved in the elimination of both xenobiotics and endogenous compounds and the synthesis of glycoproteins, glycolipids and glycosaminoglycans. Despite the qualitative importance of these reactions they are relatively minor consumers of glucose.
Carbohydrate metabolism also plays a crucial role in anaplerosis Ð the replenishing of Krebs cycle intermediates. Strictly speaking it is not carbohydrate per se that is anaplerotic but substances such as pyruvate (through pyruvate carboxylase or the malic enzyme) which are derived from carbohydrate. Of course amino acids that feed directly into the Krebs cycle as cycle intermediates are also anaplerotic, for example, glutamine which can give rise to aketoglutarate and valine which gives rise to propionyl CoA. The important point is that even-chain fatty acids are not anaplerotic, except in organisms such as bacteria and some plants that have a glyoxylate cycle (Kornberg, 1966) . The operation of anaplerotic reactions requires the existence of cataplerotic reactions, which would tend to deplete the cycle of intermediates. Gluconeogenesis, itself, may be viewed as a cataplerotic process, which withdraws oxaloacetate from the cycle to produce phosphoenolpyruvate, and which may only occur when balanced by anaplerotic reactions such as pyruvate carboxylase or the production of new cycle intermediates from the metabolism of the glucogenic amino acids. Other cataplerotic reactions include heme synthesis, which withdraws succinyl CoA and glutamine synthesis which can withdraw a-ketoglutarate. The importance of anaplerosis for maintaining the oxidation of ketone bodies is highlighted by studies in the isolated, perfused working rat heart by Russell & Taegtmeyer (1991a,b) . This work clearly showed that the working heart loses contractile function (over 50% in 60 min) when oxidizing acetoacetate alone. This is attributable to an inhibition of a-ketoglutarate dehydrogenase due to decreased Coenzyme A concentrations due to Coenzyme A sequestration as acetyl CoA and acetoacetyl CoA (Russell & Taegtmeyer, 1992) . This contractile failure is relieved by the addition of pyruvate which is converted to malate by the malic enzyme. Other anaplerotic compounds, lactate and propionate, were also effective. These results are crucial in demonstrating that the ketone bodies are not a self-suf®cient fuel for the working heart but require anaplerotic input from a carbohydrate-derived substrate such as pyruvate.
Commentary on Owen's paper
Owen et al (1998) have recently re-examined gluconeogenesis, and associated fat and amino acid metabolism in studies with obese volunteers who underwent total starvation for 21 d. During the last 3 d phenylacetate was given which conjugates glutamine and results in the almost quantitative urinary excretion of phenylacetylglutamine. The objective of this protocol was to determine whether gluconeogenesis from amino acids is simply an economic process for conserving amino acid carbon skeletons (in which case the rate of total urinary nitrogen excretion should not change after phenylacetate administration), or whether there is a critical role for glutamine (and other amino acids) for survival during starvation, that is, gluconeogenesis (in which case the total urinary nitrogen excretion should increase after phenylacetate administration by an amount equal to the phenylacetylglutamine excretion). The most signi®cant ®ndings of this study were as follows:
1. Total nitrogen excretion approached an asymptotic value of about 5 gad, but this increased upon phenylacetate administration by an amount equal to the phenylacetylglutamine excretion. 2. Obese humans lose body fat and fat-free masses in parallel. 3. Inter-organ data, based on direct catherization, revealed that glycerol is a more important gluconeogenic precursor than has hitherto been recognised. The contribution of glycerol to gluconeogenesis (about 20 gad) was approximately the same as all amino acids combined. 4. Glutamate was a very signi®cant inter-organ metabolite, being released in substantial amounts by the splanchnic region and taken up by the lower extremity (presumably muscle). Alanine and glutamine were released in substantial amounts by the lower extremity. Glutamine was exclusively taken up by the kidney and alanine by the liver.
Owen et al (1998) argue that:
1. The asymtotic nitrogen excretion approached after 18 d of starvation represents an essential minimum loss of lean body mass that is necessary to provide substrates for fuel homeostasis Ð principally for gluconeogenesis, ammoniagenesis and anaplerosis. 2. That ketonuria may be a means of facilitating NH 4 excretion by providing a readily available anion to accompany the NH 4 .
The large canvas of our understanding of the metabolic adaptation to starvation, much of it based on the pioneering work of Dr Owen and Dr Cahill and their colleagues, is secure. It is clear that fat is the major energy provider during starvation but that proteolysis occurs at a slow, controlled rate, primarily to provide glucose to tissues which require glucose, in particular to the brain. Ketoacids become important fuels for the brain as starvation proceeds, therefore reducing brain glucose requirements, but never eliminating them. Renal gluconeogenesis becomes more important as starvation proceeds and the pattern of nitrogen excretion changes, with ammonium becoming the predominant nitrogenous excretory product (Owen, 1989) . In the present paper Owen et al (1998) clearly demonstrate that fat and fat-free mass are lost in parallel, a concept that is clearly at odds with the conventional wisdom. Brain ketone utilization, by reducing brain glucose utilization, might be expected to reduce the need for proteolysis. Nevertheless it is clear from the nitrogen excretion data that there is no abrupt decrease in nitrogen excretion. Indeed even in prolonged starvation of a lean man, as when Benedict starved Mr. L. for 30 d in 1915, nitrogen excretion decreases slowly, in parallel with the decrease in caloric expenditure (Benedict, 1915) . The reason for the sustained nitrogen excretion in the face of reduced brain glucose demands is the ketonuria that accompanies prolonged starvation and that obliges equivalent NH 4 excretion. This is generally represented as maintaining acid-base homeostasis and minimizing losses of ®xed cations.
The ketonuria of starvation is a crucial event and Owen et al (1998) make the novel suggestion that ketonuria may be a means of facilitating nitrogen excretion as ammonium. This would be energetically unfavourable as each nitrogen excreted as NH 4 would oblige the excretion of an acetoacetate or b-hydroxybutyrate, for a loss of 23 ± 26 potential molecules of ATP, while the conversion of each NH 4 to urea in the liver only costs 2 ATP. Why should glutamine be metabolized in the kidney, obliging the urinary loss of ketones, when it may just as readily be metabolized in the liver, the carbon skeleton converted to glucose and the nitrogen to urea, at a much lower energy cost? The classical idea that NH 4 excretion is obligated by ketoacid loss and is required for acid-base homeostasis receives support from the study of Hannaford et al (1982) who showed that provision of sodium bicarbonate and potassium chloride to starved obese patients greatly reduced urinary NH 4 excretion even though ketonuria was not decreased. Nevertheless the very existence of starvation ketonuria, when conservation of calories ought to be a priority, is a challenge. Ketonuria does not occur simply because the renal tubules are unable to reabsorb the ®ltered ketone load. Indeed Sapir et al (1972) showed that administration of small amounts of carbohydrate (7.5 ± 15 gad) to obese starved patients dramatically decreased urinary ketoacid and ammonium excretion even though there was no decrease in blood ketoacid concentration.
There is a need for new thinking concerning starvation ketonuria. In this regard Kamel et al (1998) have suggested that the excretion of the ammonium salts of ketoacids may play a role in preventing uric acid stone formation. Uric acid excretion is of the order of 400 mgad. Uric acid (as opposed to urate) is sparingly soluble and, since its pK in urine is about 5.3, there are appreciable amounts of uric acid to be excreted Ð the lower the urine pH the more will be in the form of uric acid and the greater the risk of uric acid precipitation. In this context it is argued that it is important to have an appreciable urine volume to decrease the risk of uric acid stone formation. To provide this minimum urine volume while the kidney is avidly conserving sodium and potassium and ADH is acting it is essential to excrete osmotically active species. In this regard, Kamel et al (1988) point out that the excretion of 150 mMoles of NH 4 and 150 mMoles of ketoacid per day can provide these osmoles and, in terms of conserving lean body mass, is much more effective (by a factor of four) than the provision of the same number of osmoles in the form of urea. That urinary nitrogen loss during starvation can be reduced appreciably by factors that have little or nothing to do with glucose provision to the brain is apparent from the experiments of Hannaford et al (1982) where sodium bicarbonate and potassium chloride were provided to the starved obese patients. Not only was ammonium excretion decreased, as expected from acidbase considerations, but total urinary excretion (urea ammonium) was decreased by a third, indicating a proportional decrease in proteolysis. The interpretation of the experiment with phenylacetate on urinary nitrogen loss depends critically on the assumption that phenylacetate has no effect other than as a glutamine`sponge'. But glutamine depletion per se might have an effect on the process under study in view of the reports that glutamine is an important determinant of muscle protein synthesis and proteolysis (MacLennan et al, 1987) .
Prandial gluconeogenesis
The rate of glucose production directly measured by Owen et al (1998) by splanchnic and renal catherization (479 mmolamin 124 gad) agrees well with rate of glucose turnover, measured isotopically, in starving obese man (Bortz, 1972) and is a good estimate of the rate of gluconeogenesis required in this situation. The major gluconeogenic substrates were lactate, glycerol and amino acids, with glutamine being the major renal substrate. Gluconeogenesis in starvation is a well-established phenomenon. However I now wish to turn to the fed state and suggest that prandial gluconeogenesis is also a normal physiological event. This is well accepted for ruminants where, although much carbohydrate is ingested, almost none is available for absorption into the blood due to its loss, via fermentation, in the rumen (Young, 1977) . Gluconeogenesis is then required in the fed state with propionate and amino acids being major precursors. Similarly, it is recognised that strict feral carnivores who ingest almost no carbohydrate require gluconeogenesis in the fed state and this observation may even be extended to an omnivore (rat) fed a high-protein diet (Kettelhut et al, 1980) . However, it is now apparent that prandial gluconeogenesis is of signi®cance in humans ingesting a mixed diet. This is of relevance in terms of the metabolism of dietary amino acids as well as the indirect pathway of glycogen synthesis. Jungas et al (1992) analysed amino acid metabolism in a human, in nitrogen balance, ingesting about 110 g of animal proteinad which contains about 1000 mMoles of amino acids. Some of this is metabolized in extra-hepatic tissues. For example the intestine metabolizes glutamine, glutamate and aspartate; the kidney metabolizes glutamine, glycine and citrulline and muscle metabolizes the branched-chain amino acids. In many of these tissues there is, also, amino acid production, for example, citrulline, proline and alanine is produced by the intestine and serine and arginine by the kidney. On balance, the liver is faced with metabolizing about 900 mMoles of amino acids per day. The conventional textbook account is that these amino acids are oxidized in the liver. They certainly are metabolized in the liver which is the only organ with a urea cycle as well as the full complement of enzymes of amino acid metabolism. However, oxidation is an impossibility for reasons of ATP balance. No cell can produce more ATP than it consumes. The oxidation of these 900 mMoles of amino acids would produce more ATP than the liver consumes in a day. This can be readily seen from oxygen consumption data. The oxidation of these 900 mMoles of amino acids requires about 3700 mMoles O 2 yet the hepatic O 2 consumption is about 3000 mMolesaday. Therefore, even if the liver oxidized no other fuel, it extracts insuf®cient oxygen to completely oxidize the daily amino acid load. Given that many other substances are in fact oxidized by liver, we concluded that the major pathway of amino acid carbon metabolism in liver is conversion to glucose. Even this process consumes considerable amounts of oxygen (about 1400 mMolesad). Converting 900 mMoles of amino acids to glucose results in the production of about 350 mMoles of glucose (63 g). This sort of treatment permits the calculation of a maximum rate of gluconeogenesis. Given a daily O 2 uptake of 3000 mMoles and assuming that no other substrate is oxidized in the liver, the maximum possible rate of gluconeogenesis from a physiological mixture of amino acids is about 750 mMoles or 135 gad. This ®gure refers to gluconeogenesis from amino acids, only. Much higher rates are possible if lactate or glycerol are substrates.
It is also evident that prandial gluconeogenesis occurs when glycogen is synthesized via the indirect pathway. The extent to which this occurs is quite variable but it appears that upon feeding, following a fast, about 50% of hepatic glycogen is synthesized via the indirect pathway (Shulman & Landau, 1992) . Shulman & Landau's (1992) rationale for the functioning of the indirect pathway of glycogen formation, especially after a fast, is that there`cannot be assurance that a fast is at an end and gluconeogenesis should be discontinued with the initial entrance of exogenous glucose into the liver'. Rosetti et al (1989) showed that the contribution of the indirect (gluconeogenic) pathway of glycogen synthesis was increased substantially in rats fed a high-protein diet. It may well be that indirect glycogen synthesis from amino acids is part of the prandial gluconeogenesis required for the hepatic metabolism of the dietary amino acid load.
Why does the brain require glucose?
This is a fundamental question. It is clear that one of the major goals of the metabolic response to starvation is to provide glucose to the brain. Even though b-hydroxybutyrate eventually becomes the brain's major metabolic fuel, appreciable quantities of glucose are still oxidized. Of course, in the fed state, glucose oxidation accounts for essentially all of the brain's energy requirements (Owen et al, 1967) . Owen et al (1998) argue that a major role for brain glucose metabolism is anaplerosis. There is certainly support for this view. The GABA shunt is a major metabolic process in the brain whereby liberation of GABA, an inhibitory neurotransmitter, at synaptic clefts is followed by its re-uptake. However if GABA reuptake is incomplete or misdirected then it must be resynthesized by anaplerotic means. Similar considerations apply to glutamate and aspartate which act as excitatory substances. It is known that anaplerotic CO 2 ®xation occurs in the brain (Cheng, 1971) .
It may be pro®table to consider an additional idea for the brain's normal preference for glucose. This is, that in an organ that is so sensitive to anoxia, glucose may be the ideal substrate. There is probably no other organ as sensitive to oxygen lack as the brain. Bilateral carotid artery occlusion for only 2 ± 3 min is suf®cient to produce cell death in the hippocampus (Kirino, 1982) . Furthermore the brain has a high metabolic rate but a relatively low capillary density and relatively moderate reductions in the rate of oxygen delivery lead to symptoms of oxygen lack (Siesjo, 1978) . With this as background it is of interest to evaluate the major metabolic fuels in terms of the number of ATP molecules produced per oxygen consumed when each fuel is completely oxidized to CO 2 . For glucose this quotient (ATPaO) is about 3.1, for b-hydroxybutyrate and acetoacetate it is about 2.9 and for palmitic acid it is 2.8.
(See above for the basis of this calculation.) Therefore glucose enjoys an advantage of 11% over fatty acids and 7% over ketone bodies in terms of ATP production per O. Although these differences are not enormous they may be important. Together with the fact that glucose, through anaerobic glycolysis, is the only fuel that can supply any ATP in the absence of oxygen, they might have been decisive in determining the pronounced preference for glucose in this critical organ that is uniquely sensitive to hypoxia.
Finally it is instructive to consider why the brain, which is so reliant on a continuous supply of glucose, does not have an appreciable glycogen store. Given that adult human brain oxidizes about 120 g glucose per day one might expect the brain to store, say, a six hour supply Ð 30 g. However simple considerations reveal why this does not occur. Thirty grams of glycogen with its attendant water weigh about 120 g. Therefore use of this glycogen would change the brain's mass (about 600 g) by 120 g. Given the way in which the brain is supported within its bony cavity, rapid mass changes of this magnitude are not feasible. Hence the brain does not store signi®cant quantities of carbohydrate.
Dietary carbohydrate requirements
Strictly speaking there are no dietary carbohydrate requirements. Gluconeogenesis is capable of supplying the body with adequate amounts of glucose. Nevertheless there are compelling reasons why carbohydrate should be a major part of every diet. Glucose is a universal fuel, used by all cells of the body; carbohydrate is usually the cheapest source of calories as well as the major source of dietary ®bre. Our most critical organ, the brain, uses about 120 g of glucose per day in the fed state. Gluconeogenesis may be inhibited, for example, by ingestion of unripe ackee fruit or of ethanol. Ketone bodies can, of course, supply a major portion of the brain's energy needs but this depends on a secondary process (ketogenesis) which may also be inhibited as, for example, in bacterial infections. A prudent diet would supply suf®cient carbohydrate to provide the brain with its daily energy needs plus a safety factor of 50%.
